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We study the evolution of a single BaRb+ molecule while it continuously collides with ultracold
Rb atoms. The initially weakly-bound molecule can undergo a sequence of elastic, inelastic, reactive,
and radiative processes. We investigate these processes by developing methods for discriminating
between different ion species, electronic states, and kinetic ion energy ranges. By comparing the
measurements to model calculations we obtain a consistent description of the typical trajectory
of the ion through the manifold of available atomic and molecular states. As a further result,
we determine rates for collisional and radiative relaxation as well as photodissociation, spin-flip
collisions, and chemical reactions.
I. INTRODUCTION
In recent years, methods have been developed to pro-
duce ultracold molecules out of ultracold atoms, e.g. by
photoassociation [1–3], sweeping over a Feshbach reso-
nance [4, 5], radiative association in a two-body collision
(e.g. [6, 7]), or three-body recombination [8–12]. Typi-
cally, the resulting cold molecules are internally highly-
excited and very reactive. Therefore, several questions
arise. What are the reaction and relaxation paths that
the particles take while they are exposed to light fields
and collisions? What are the dynamics?
Investigations on these topics can be conveniently per-
formed in hybrid-atom-ion systems where trapped, cold
molecular ions are immersed in a trapped gas of ultra-
cold atoms [13–19]. Ion traps can be very deep so that
an ion is still trapped even if large amounts of energy
are released in an inelastic or reactive process. Further-
more, it is possible to selectively detect ionic products
on the single particle level. Control over the locations
of the traps allows for deterministically starting or stop-
ping collisional dynamics between atoms and ion. In ad-
dition, low temperatures in the mK regime and below
enable a high level of control for the preparation of the
initial quantum state of the reactants and of the collision
parameters such as the collision energy. A specific prop-
erty of ion-neutral collisions is the long-range interaction
between a charge and an induced dipole, which depends
on the interatomic distance as 1/R4 [18, 19]. The com-
bination of long-range interaction and low temperature
corresponds to an interesting regime where reactions and
inelastic processes can already take place at compara-
tively large inter-particle distances (see, e.g., [20]). This
leads to large cross sections and promotes the formation
of weakly-bound molecular states.
The young field of cold hybrid-atom-ion systems has
shown tremendous progress studying inelastic collisions
and reactions. This includes charge exchange between
atoms and atomic ions [21–27], and spin flips [28, 29]. It
was possible to observe collisionally induced vibrational
or rotational relaxation of a deeply-bound molecular ion
[30, 31], which is a collision at short internuclear dis-
tances. Furthermore, the formation of cold molecular
ions from cold neutral and electrically charged atoms has
been realized for several species (e.g., [6, 32–34]), and re-
active behavior of molecular ions has been investigated
[35–38].
Here we take a different approach, focussing less on a
single, particular physical or chemical process. Instead
we study the progression and interplay of the elastic, in-
elastic and reactive processes which take place. Con-
cretely, we investigate, both experimentally and theo-
retically, the evolution of a cold, weakly-bound BaRb+
molecular ion as it continuously collides with ultracold
Rb atoms. These collisions can be elastic, inelastic, or
reactive. Our investigation includes the deterministic
birth of the molecular ion inside the atom cloud, its typ-
ical life undergoing changes in the electronic and vibra-
tional states, and its death as it reacts away. We find
that the evolution of the BaRb+ ion directly after its
formation is mainly dominated by vibrational relaxation
collisions with Rb atoms at large internuclear distance.
With increasing binding energy, radiative processes be-
come progressively important until they are dominant.
We observe Ba+, Rb+2 and Rb
+ ions as reaction prod-
ucts, resulting from a range of photo- or collisionally-
induced processes which are discussed in detail. Interest-
ingly, in the experiments of Ref. [32] where the formation
of BaRb+ molecules from cold Ba+ ions and Rb atoms
was studied, also Rb+ and Rb+2 as final products were
detected. How these products came about, however, re-
mained unclear. The results of our work, presented here,
may be a key to also explain these findings.
This article is organized as follows. In Secs. II to IX,
we study the elastic, inelastic and reactive processes of
the BaRb+ ion for different phases of its evolution. A
detailed discussion of experimental parameters and de-
tection methods is provided in Secs. X to XII of the Ap-
pendix. Finally, in Secs. XIII and XIV of the Appendix
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FIG. 1. (a) Illustration of various inelastic and reactive pro-
cesses. (i) Formation of a BaRb+ molecule via three-body
recombination, (ii) collisional relaxation of a BaRb+, (iii) sub-
stitution reaction, (iv) collisional dissociation, (v) collisional
spin exchange, (vi) photodissociation, and (vii) radiative re-
laxation. (b) PECs for BaRb+, taken from [32]. The en-
trance channel Rb(5s 2S) + Ba+(6s 2S) marks zero energy.
Solid black, blue, and red arrows show possible photodisso-
ciation transitions for 1064 nm, 493 nm, and 650 nm light,
respectively. The dashed green arrow indicates radiative re-
laxation to the electronic ground state.
we give additional information on the theoretical models,
calculations, and Monte-Carlo (MC) simulations.
II. EXPERIMENTAL SETUP AND
PRODUCTION OF MOLECULAR ION
Our experiments are carried out in a hybrid atom-ion
apparatus. The basic setup is described in detail in [39].
For the investigations presented here, we produce a single
BaRb+ molecule which is trapped in a linear Paul trap
with trap frequencies of 2pi × (80, 30) kHz in radial and
axial direction, respectively. The BaRb+ ion is in con-
tact with a cloud of 6× 106 ultracold 87Rb atoms with a
temperature of T = 750 nK. The atoms are prepared in
the electronic ground state 5S1/2 and are spin-polarized,
having a total angular momentum F = 1 and mF = −1.
The atomic cloud is held in a far off-resonant crossed op-
tical dipole trap (ODT) at 1064 nm with a trap depth of
approximately 20 µK × kB, where kB is the Boltzmann
constant. The density distribution of the cigar-shaped
cloud can be described by a Gaussian with root mean
square widths of 9 and 60 µm in radial and axial direc-
tion, respectively (see Appendix X).
Initially, the cold BaRb+ molecule is produced via
three-body recombination Ba++Rb+Rb→ BaRb++Rb,
typically at large internuclear distances [40, 41], see (i)
in Fig. 1(a). For this, we prepare in the Paul trap a sin-
gle, laser-cooled 138Ba+ ion in the electronic ground state
6S1/2, and a dense Rb atom cloud in the ODT. At that
time the two traps are separated by about 100µm. Right
before we start our experiments with the single Ba+ ion
we remove unwanted Rb+ and Rb+2 ions, which can form
spontaneously in our trapped atom cloud [42], with a
mass-filter scheme, see Appendix XI. After this purifica-
tion step the 493 nm and 650 nm laser-cooling beams for
the Ba+ ion are switched off and the Ba+ ion is moved
into the atom cloud center. This is done within 100 µs
by abruptly changing the voltage on one of the endcap
electrodes of the Paul trap by 1.5 V.
Once the Ba+ ion is in the atom cloud the Ba+ +
Rb + Rb → BaRb+ + Rb three-body recombination
leads to the formation of BaRb+ molecules with a rate
Γtbr = k3n(t)
2, where k3 = 1.04(4)× 10−24 cm6s−1 is the
three-body rate constant [40], and n(t) is the density of
the atom cloud at a given time t at the ion trap center.
For the central atomic density of 8.1× 1013cm−3 we ob-
tain Γtbr ≈ 6.8 × 103 s−1. Three-body recombination is
by orders of magnitude the leading reaction process of
the Ba+ ion, and BaRb+ is the main product [40, 41].
Initially, the BaRb+ molecule is weakly-bound below the
atomic Rb(5s 2S)+Ba+(6s 2S) asymptote [see Fig.1(b)].
Its binding energy is expected to be ∼ 2mK × kB corre-
sponding to the typical atom-ion collision energy in our
Paul trap [40, 41]. Furthermore, according to simple sta-
tistical arguments, we expect the BaRb+ molecular ion to
be produced in the singlet state (2)1Σ+ and triplet state
(1)3Σ+ with a probability of 25% and 75%, respectively.
For both of them the initial binding energy of∼ 2mK×kB
corresponds to a vibrational state v = −5 (see also Fig. 5
of Appendix XIII A). The negative vibrational quantum
number v indicates that it is counted downwards from
the atomic asymptote, starting with v = −1 for the most
weakly-bound vibrational state. When v has a positive
value, it is counted upwards from the most deeply-bound
vibrational state v = 0.
III. EXPERIMENTAL INVESTIGATION OF
THE EVOLUTION OF THE MOLECULAR ION
As will become clear later, we can learn a lot about
the evolution of the BaRb+ molecule by monitoring the
presence of the Ba+ ion and its state in the trap. Figure
2(a) shows data for the measured probability PBa+ for de-
tecting a Ba+ ion as a function of time for four different
experiments. After immersing the cold Ba+ ion into the
cloud for a variable time τ we quickly (within 20µs) pull
out the remaining ion and take two fluorescence images
(see Appendix XII A for details). For the first image the
imaging parameters are chosen such, that only a cold Ba+
3ion with a temperature of about 100 mK or below can be
detected. The filled blue circles in Fig. 2(a) show these
measurements for various immersion times τ . We essen-
tially observe here the three-body recombination of Ba+
towards BaRb+. Next, we take a second fluorescence im-
age which is preceded by a long laser cooling stage (for
details see Appendix XII A). This retrieves almost 60%
of the Ba+ ions that had reacted away [filled red circles
in Fig. 2(a)]. We can explain this retrieval by the follow-
ing scenario. There is a sizable probability for a freshly
formed BaRb+ molecular ion to break up via photodis-
sociation. The break up produces a hot Ba+ ion which is
subsequently cooled down to below ≈ 100mK by the long
laser cooling stage so that it can be detected by fluores-
cence imaging (see Appendix XII A). Photodissociation
can occur, e.g., by the ODT laser at 1064 nm. Figure1(b)
shows indeed that 1064 nm photons can excite weakly-
bound BaRb+ ions below the Rb(5s 2S) + Ba+(6s 2S)
asymptote to repulsive potential energy curves (PECs).
The most relevant transitions to produce a hot Ba+ ion
are (2)1Σ+ → (4)1Σ+ and (1)3Σ+ → (3)3Π. After the
excitation, the Ba+ ion and the Rb atom are accelerated
away from each other, following the repulsive molecu-
lar potential. The Ba+ ion will obtain a high kinetic
energy of up to 0.2 eV. As a consequence, it will after-
wards orbit most of the time outside the atom cloud,
having a small probability for collisions with Rb atoms.
Therefore, sympathetic cooling and three-body recom-
bination are strongly suppressed and the hot Ba+ ion
remains hot until it is cooled down during the long laser
cooling stage. We have direct evidence for this photodis-
sociation process, since we detect a fraction of the Ba+
ions in the electronically excited 5D5/2 state which cor-
responds to one of the asymptotic states of the (4)1Σ+
and (3)3Π potentials [see Fig.1(b)]. Concretely, we find
that about half of the retrieved hot Ba+ ions populate
the metastable 5D5/2 state with its natural lifetime of
∼ 30s. As the Rb(5s)+Ba+(5dD3/2,5/2) asymptotes are
located more than 5000 cm−1 above the initially formed
BaRb+ molecular states, they only can be reached by
photodissocation. We discriminate the population of the
Ba+ 5D5/2 state from the population in the other Ba
+
states by using the fact, that a Ba+ ion in state 5D5/2
can only be laser-cooled and detected after pumping it
out of this metastable level with a 614 nm laser. Thus,
when we switch off the 614 nm laser we lose the signal
from the metastable 5D5/2 Ba
+ ion.
To double check whether it is really the 1064 nm ODT
laser which is responsible for photodissociation we carry
out a second set of measurements, where the ODT is
turned off 250µs before the Ba+ ion is immersed into the
cold atom cloud. As a consequence the atomic cloud is
now free falling and ballistically expanding. The calcu-
lated time evolution of the atomic density at the center
of the ion trap is shown in Fig. 2(b) (see also Appendix
X). When we detect cold Ba+ ions via fluorescence imag-
ing [hollow blue circles in Fig.2(a)] there is essentially no
change in signal as compared to the case with the ODT
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FIG. 2. (a) Probability PBa+ of detecting a Ba
+ ion as a
function of time τ after immersion into a Rb atomic cloud.
Circles are measured data. Each data point is the mean value
of 50 repetitions of the experiment and the error bars repre-
sent the 1σ statistical uncertainty. Curves are the results of
MC simulations (see Appendix XIV). (b) Time evolution of
the atomic density n at the ion trap center after the ODT
beams have been switched off at τ = −250 µs.
being on. This is expected since the atomic density is
nearly constant on the time scale of the three-body re-
combination. However, the signal solely for the hot Ba+
ion, which is obtained by subtracting the signal for cold
Ba+ from the signal for both cold+hot Ba+, is signifi-
cantly smaller compared to when the ODT laser is on.
Thus, this indeed shows that 1064 nm light photodissoci-
ates BaRb+ molecules into hot Ba+ ions and Rb atoms.
Nevertheless, the signal for the hot Ba+ ion is still on
the order of 10% for sufficiently large times τ . Therefore,
also light with a different wavelength than 1064 nm must
contribute to the production of hot Ba+ ions. As we will
show in Sec. VIII the remaining signal for hot Ba+ can
be explained due to photodissociation of ground state
(X)1Σ+ molecules via the laser cooling light at 493 nm.
We note that photodissociation by 1064 nm light can
also produce a hot Rb+ ion, instead of a hot Ba+ ion.
This occurs in the transition (1)3Σ+ → (3)3Σ+. So far,
we have not experimentally studied this process in detail.
IV. INSIGHTS FROM CALCULATIONS
We now combine the information from our experimen-
tal data with insights from theoretical calculations. This
sets strong constraints on possible scenarios for the evo-
lution of the BaRb+ molecule and essentially fixes all
free parameters of our theoretical model. Our analysis
mainly involves electronic and vibrational states, while
rotational and hyperfine degrees of freedom are not taken
into account to a large part.
For example, we have carried out calculations for pho-
todissociation cross sections which are based on com-
4puted PECs and transition dipole moments for highly-
excited electronic states [7, 32] (for details see Appendix
XIII C). In the calculations we find that the photodis-
sociation cross section for the v = −5 BaRb+ molecule
with 1064 nm light is about two orders of magnitude too
small to explain the hot Ba+ signal. However, the cal-
culations also show that the photodissociation cross sec-
tion increases approximately as ∝ E0.75b for both singlet
(2)1Σ+ and triplet (1)3Σ+ BaRb+ molecules, where Eb
is the binding energy (see Fig. 8 of Appendix XIII C).
Apparently, shortly after production, while it is still
immersed in the Rb cloud, the weakly-bound BaRb+
molecule must vibrationally relax by a number of vi-
brational levels before it is photodissociated. A theo-
retical treatment shows that the vibrational relaxation
is due to inelastic atom-molecule collisions, for which
we have derived cross sections in Appendix XIII A via
quasi-classical trajectory (QCT) calculations. Further-
more, our calculations predict that while photodissoci-
ation of singlet (2)1Σ+ molecules via the 1064 nm laser
indeed dominantly produces hot Ba+ ions, photodissoci-
ation of triplet (1)3Σ+ molecules mainly leads to hot Rb+
ions. Thus, in order to explain the measured substantial
percentage of hot Ba+ ions, there has to be a mechanism
which converts triplet molecules into singlet molecules.
This spin-flip mechanism is provided by inelastic atom-
molecule collisions, for which the cross section is esti-
mated to be a fraction of the Langevin cross section (see
Appendix XIII B). Finally, our theoretical treatment re-
veals that radiative relaxation of the (2)1Σ+ molecules
towards the electronic ground state (X)1Σ+ due to spon-
taneous emission [as illustrated by the green downward
arrow in Fig. 1(b)] needs to be taken into account. Ac-
cording to our calculations we obtain a broad population
distribution of final vibrational levels in the ground state,
ranging from about v = 10 to above v = 200, with a peak
at v = 55, see Fig. 12 in Appendix XIII C. For a relax-
ation towards the v = 55 level a photon at a wavelength
of about 850 nm is emitted. The relaxation rate is pre-
dicted to scale as ∝ E0.75b , which is the same power law
as for photodissociation, see Fig. 11 in Appendix XIII C.
Hence, there is a constant competition between photodis-
sociation and radiative relaxation for the singlet state
(2)1Σ+. Once in the ground state the molecule is im-
mune to photodissociation by 1064 nm light, because the
photon energy is not sufficient. Photodissociation via
laser cooling light, however, is possible.
We note that triplet (1)3Σ+ molecules cannot radia-
tively relax to (X)1Σ+ according to the selection rules for
electric dipole transitions. Therefore, in the absence of
any collisional or light-induced processes, these molecules
remain within the triplet state (1)3Σ+.
Besides the already mentioned inelastic and reactive
processes also collisional dissociation, substitution reac-
tions and elastic collisions play a role for the evolution of
the BaRb+ molecule. In order to theoretically model the
evolution of the BaRb+ molecular ion in the atom cloud
we carry out MC simulations and compare them to the
measured data. In the simulations we take into account
the most relevant processes shown in Fig. 1(a), as well as
additional ones. Details on the simulations, the various
processes, and their respective cross sections can be found
in the Appendices XIII and XIV. The simulations pro-
duce the lines in Fig.2(a), showing reasonable agreement
with the experimental data. Additional results of the
calculations can be found in Fig. 17 in Appendix XIV B.
V. EVOLUTION OF THE MOLECULAR ION
In the following, we discuss the results of our analysis.
Our theoretical investigations show that the evolution of
the BaRb+ molecule both for the singlet state (2)1Σ+
and the triplet state (1)3Σ+ will at first be dominated
by vibrational relaxation collisions, which occur approx-
imately with the Langevin rate ΓL = 164 ms
−1 for the
peak atomic density of 8.1× 1013cm−3 in our cloud (see
Appendix XIII A). Typically, these collisions lead to vi-
brational relaxation in steps of one or two vibrational
quanta, with an average of 1.4 vibrational quanta per
Langevin collision (see Appendix XIV A). Vibrational re-
laxation heats up the ion since binding energy is released
in form of kinetic energy. This is counteracted by sym-
pathetic cooling due to elastic collisions with Rb atoms,
which occur at an average rate of about one elastic colli-
sion (with sizable momentum exchange) per vibrational
relaxation step (see Appendix XIV A). As a consequence
the typical temperature of the BaRb+ ion is below 15mK
during the initial, collision-dominated phase of the evo-
lution. In general, when the collision energy is larger
than the binding energy of the BaRb+ molecule, the
molecule can also dissociate into a (cold) Ba+ ion and
a Rb atom. For the initial vibrational level v = −5
with its binding energy of 2 mK × kB this process oc-
curs, however, only with a comparatively small rate of
about ΓL/7 (see Appendix XIII A), and is negligible for
deeper vibrational levels. Furthermore, our calculations
reveal that for weakly-bound BaRb+ ions in the states
(2)1Σ+ and (1)3Σ+ the rate for the substitution reaction
BaRb+ + Rb → Rb2 + Ba+ is negligible. This is a con-
sequence of the fact that the interaction between the Rb
atoms is much more short range than between a Rb atom
and the Ba+ ion, see also Appendix XIII A. Concerning
the spin-flip collisions we obtain good agreement with the
experimental data when using a spin-flip rate of ΓL/42
for flips from triplet to singlet (see Appendix XIII B).
Our calculations predict that for the experiments with
ODT, which is operated at an intensity of 18 kW cm−2,
the (2)1Σ+ molecules vibrationally relax typically to a
level v = −12 (Eb ≈ 50 mK × kB) before either pho-
todissociation or radiative relaxation to the ground state.
By contrast, (1)3Σ+ molecules, which cannot radiatively
relax to the ground state, typically reach a deeper vi-
brational level of v = −21 (Eb ≈ 460 mK × kB). The
photodissociation rates are given by ΓPD = σPDI/(hν),
where I, h, and ν are the laser intensity, the Planck con-
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stant, and the laser frequency, respectively, and σPD is
the photodissociation cross section. Calculations for σPD
are presented in Appendix XIII C. For the experiments
without ODT (and thus without corresponding photodis-
sociation channel) (2)1Σ+ molecules are expected to re-
lax typically to v = −18 (Eb ≈ 230 mK × kB) before
radiative relaxation to the ground state takes place.
VI. RADIATIVE RELAXATION
Since radiative relaxation to the ground state is pre-
dicted to be a central process in the evolution of the
BaRb+ ion, we now test for it experimentally. The idea is
to measure for how long BaRb+ molecules remain in the
excited states (2)1Σ+ or (1)3Σ+ before they radiatively
relax to the ground state (X)1Σ+. We probe the presence
of a BaRb+ molecule in the states (2)1Σ+ or (1)3Σ+ by
photodissociating it into a Ba+ ion and a Rb atom with
the 1064 nm laser, and then detecting the hot Ba+ ion.
BaRb+ molecules in the ground state (X)1Σ+ cannot be
photodissociated by the 1064 nm laser because the pho-
ton energy is not sufficient. We start this experiment by
moving a single and cold Ba+ ion into the atom cloud
250 µs after the 1064 nm ODT laser has been switched
off. As before, a BaRb+ molecule will form on a time
scale of Γ−1tbr = 0.15 ms. After the immersion of the Ba
+
ion, we wait for a time τ ′ before we switch on again the
1064nm laser [45] to photodissociate the molecule. Before
applying the detection scheme for the released hot Ba+
ion, i.e. long laser cooling and subsequent fluorescence
imaging, we remove any remaining BaRb+ molecule by
mass-filtering (see Appendix XI). The removal is done,
because a remaining BaRb+ molecule can give rise to a
spurious hot Ba+ signal as the laser cooling step can also
photodissociate a BaRb+ molecule into a Ba+ ion and a
Rb atom. This is discussed in detail later in Sec. VIII.
The red data points in Fig. 3 show the probability
PBa+ to detect a Ba
+ ion (hot or cold) at the end of
the given experimental sequence for various times τ ′. As
expected, the Ba+ signal decreases as τ ′ increases be-
cause the BaRb+ molecule has more time to relax to the
(X)1Σ+ state. The decrease to about 1/3 of the ini-
tial value takes place within about τ ′ = 0.5 ms, which
represents an approximate time scale for the lifetime of
the (2)1Σ+ and (1)3Σ+ BaRb+ molecule, respectively, in
the cloud of Rb atoms. For times longer than 2 ms an
almost constant value of PBa+ ≈ 6% is observed. This
remaining population is composed of the following contri-
butions: 4% are cold Ba+ ions (blue solid line) that have
not reacted at all [46] or that have been released again
as a result of collisional dissociation. 2% arise probably
from BaRb+ molecules that are stuck in the triplet state
(1)3Σ+ after the collisional phase when all neutral atoms
have left for τ ′ > 2 ms, and are photodissociated from
there by the 1064nm light. The green dashed curve gives
the probability for ending up with a BaRb+ molecule
in the electronic ground state. This probability nearly
reaches PBaRb+ = 20%. In principle, this fraction would
be about four times as large, if the substitution reaction
BaRb+(X) + Rb→ Ba + Rb+2 , which depletes electronic
ground state BaRb+(X) molecules, were absent [47]. The
corresponding reaction rate is expected to be on the or-
der of the Langevin rate (see Appendix XIII A). We note
that a Rb+2 molecular ion can also decay in the collision
Rb+2 + Rb → Rb+ + Rb2, if it is not too deeply bound
[48]. In our simulations, however, we do not further pur-
sue this process, and therefore give here the joint prob-
ability for finding a Rb+2 ion or its Rb
+ decay product
(magenta line in Fig. 3). The orange curve, in contrast,
gives the probability for Rb+ ions which are produced
via photodissociation by the 1064 nm laser.
VII. PRODUCT ION SPECIES
Our discussion so far already indicates that we expect
to find a range of ionic products in our experiments, each
with a respective abundance. We test this prediction by
performing mass spectrometry in the Paul trap after the
reactions. As described in more detail in Appendix XI,
this is done as follows. When probing for a given ionic
product, we use the mass-filter to remove the ion from
the Paul trap if it has the corresponding mass. After-
wards, we check whether the Paul trap is now empty (see
Appendix XII), knowing that before the mass-filtering
a single ion of some species was present. For the ex-
periments without ODT we observe the following abun-
dances after an interaction time τ = 10ms: Ba+: 4±2%,
BaRb+: 29 ± 5%, Rb+2 : 22 ± 5%, Rb+: 45 ± 6%. Here,
Rb+ ions are probably created via the aforementioned
reaction Rb+2 + Rb → Rb+ + Rb2 as the direct process
BaRb+ + Rb → Rb+ + BaRb is slow and even energet-
ically closed for most vibrational states in the ground
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state (X)1Σ+ (see Appendix XIII A). We expect the de-
tected Ba+ ions to be cold because there is no photodis-
sociation light present in the given measurement scheme.
Our MC simulations are in good agreement with these
abundances. From Fig.17 we can read off the following
values for τ > 3 ms: cold Ba+: ∼ 4%, BaRb+: ∼ 26%,
Rb+2 /Rb
+: ∼ 70%, According to our simulations about
8% of the initial Ba+ ions end up as a BaRb+ ion in the
triplet state (1)3Σ+ while there are no molecules remain-
ing in the singlet state (2)1Σ+ at τ = 10 ms. Therefore,
the measured BaRb+ fraction of 29% mainly consists of
(X)1Σ+ electronic ground state molecules.
VIII. PHOTODISSOCIATION OF ELECTRONIC
GROUND STATE MOLECULES
Finally, we investigate photodissociation of the
(X)1Σ+ state molecules. Once a BaRb+ molecule has
relaxed towards (X)1Σ+ it is stable with respect to
1064 nm light, however, photons from the cooling lasers
for Ba+ at the wavelengths of 650 nm or 493 nm can still
photodissociate it, see blue and red arrows in Fig. 1(b)
[50]. Figure 4 shows photodissociation as a function of
exposure time ∆t for light at 493 nm (a) and at 650 nm
(b), respectively. The filled circles represent the fraction
of experimental runs where we detect a BaRb+ ion. We
probe the presence of a BaRb+ ion by measuring whether
a corresponding mass-filter removes the ion from the Paul
trap, see Appendix XI. The photodissociation laser is
switched on τ = 10 ms after immersing the Ba+ ion into
the atom cloud without ODT. The observed decay of the
BaRb+ fraction can be approximately described by an
exponential plus offset, P0 exp(−Γ∆t) + P∞ (see solid
lines in Fig. 4). The offset P∞ may stem from BaRb+
ions in certain vibrational levels of the states (1)3Σ+ or
(X)1Σ+ which happen to have rather small photodisso-
ciation cross sections. As mentioned before, we expect
the vibrational distributions in both states to be quite
broad. In addition, the PECs indicate that the photodis-
sociation cross sections for both the states (1)3Σ+ and
(2)1Σ+ by 493 nm and 650 nm light might be extremely
small, because of a missing Condon point at short range
for the relevant transitions [6], see also Appendix XIII C.
From the measured laser intensities of I493 = (180 ±
40) mW cm−2 and I650 = (260 ± 50) mW cm−2, we can
determine effective, average photodissociation cross sec-
tions for the given (X)1Σ+ BaRb+ molecule population
distribution over the vibrational states, using σ = Γhν/I.
We obtain σ493 = (1.2 ± 0.3) × 10−17 cm2 and σ650 =
(1.0± 0.2)× 10−17 cm2.
We now test whether a Ba+ ion has been produced dur-
ing photodissociation, see hollow diamonds in Fig. 4. For
the detection of the Ba+ ion the mass-filtering scheme
is used to remove a possibly remaining BaRb+ ion, be-
fore long laser cooling and subsequent fluorescence imag-
ing are carried out. For light at 650 nm we do not find
any Ba+ signal. This can be explained with the help of
Fig. 1(b). The 650 nm laser couples the (X)1Σ+ state
essentially only to the (3)1Σ+ state which, however, dis-
sociates into Rb++Ba. In contrast, for light at 493nm the
production of Ba+ ions is expected, and indeed the loss of
BaRb+ signal in Fig. 4(a) directly correlates with an in-
crease of Ba+ signal. Furthermore, we observe that about
half of the produced Ba+ ions end up in the metastable
state 5D5/2, since their signal is lost as soon as we switch
off the 614 nm repump laser. Besides serving as a con-
sistency check, this measurement also demonstrates that
single ground state BaRb+ molecules can be detected
with high efficiency via fluorescence imaging.
From the experimentally determined cross sections we
can estimate that when applying fluorescence imaging
photodissociation of a (X)1Σ+ state molecule will on av-
erage result in a (hot) Ba+ ion with a probability of about
70%, and in a Rb+ ion with a probability of about 30%.
IX. CONCLUSIONS AND OUTLOOK
In conclusion, we have studied the evolution of a
BaRb+ molecule in a gas of ultracold Rb atoms. We
find that due to the high predictive power of the theory
for the collisional and radiative processes of the BaRb+
molecule only a comparatively small amount of experi-
mental input is necessary to qualitatively pin down the
evolution of the molecular ion. In order to experimen-
tally probe the current state of the ion we have developed
novel methods which are based on the coordinated con-
catenation of mass spectrometry, controlled photodisso-
ciation, timing of atom-ion interaction, laser cooling, and
fluorescence imaging. We find that while the molecular
evolution is dominated by vibrational relaxation for the
most weakly-bound levels, radiative processes become in-
creasingly important for more deeply-bound levels. Fur-
thermore, our work shows how differently the molecules
7behave depending on their electronic state. The holistic
view of the molecular evolution presented here, opens up
many new perspectives for future experiments, as it lays
out how to prepare and manipulate specific molecular
states and how to probe them. In the future, it will be
interesting to extend the work presented here to resolve
the vibrational and rotational states of the BaRb+ ion.
This will allow for investigating collisional and radiative
processes and reaction paths so that our understanding
can be tested on the quantum level. Some of the meth-
ods presented here are very general and can be directly
adopted for studies of a broad range of other atomic and
molecular species. These can be, e.g. of interest for re-
search in astrochemistry where reaction chains in the cold
interstellar medium are investigated [51–54].
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X. DENSITY EVOLUTION OF ATOM CLOUD
Initially, the prepared 87Rb atom cloud consists of
about N = 6 × 106 atoms [55] and has a tempera-
ture of T = 750 nK. It is confined in a crossed ODT
using laser light at 1064 nm. One ODT beam has a
power of 1.6 W and a beam waist of 230 µm at the
location of the atoms. The other one has a power of
2.1 W and a waist of 96 µm. Dipole trap frequencies are
(ωx, ωy, ωz) = 2pi × (145, 145, 22) Hz for the three direc-
tions of space i ∈ {x, y, z}. Here, the y-axis corresponds
to the vertical axis, which is along the direction of the
acceleration of gravity g. The initial widths σi,0 of the
atomic cloud are σi,0 = ω
−1
i
√
kBT/mRb, where mRb is
the atomic mass of 87Rb. We obtain σx,0 = σy,0 = 9µm,
and σz,0 = 60 µm.
When switching off the ODT at a time t = 0, the
evolution of the density n(t) of the atomic cloud at the
position of the ion can be expressed by
n(t) =
N(2pi)−3/2
σx(t)σy(t)σz(t)
exp
(
− g
2t4
8σ2y(t)
)
, (1)
using the atom cloud widths σi(t) =√
σ2i,0 + kBTt
2/mRb. In Fig. 2(b) we show the density
evolution of the atom cloud at the location of the ion
trap center. We note that the interaction time τ is
given by τ = t − 250 µs, since the atoms are released
250 µs before the ion is immersed into the atom cloud
at τ = 0. In Fig. 3 we have essentially the same density
evolution despite the fact that at τ ′ some laser light at
1064 nm is switched on. We have checked numerically
that due to the low intensity of 1.8 kW cm−2 used for
these measurements the effect of the optical trapping
potential is negligible.
XI. MASS FILTERING
We can selectively remove an ion of a pre-chosen mass
from the Paul trap by resonantly heating the ion out of
the trap. For this we modulate the voltages on electrodes
which are normally used for the compensation of radial
stray electric fields at the ion trap center [56, 57]. This
modulation shifts the trap center periodically about the
axial symmetry axis of the Paul trap. The frequency of
the modulation is set to be the mass-dependent trap fre-
quency of the chosen ion species. We typically modulate
the trap for a duration of 3 s. We have performed test
measurements for deterministically prepared Ba+, Rb+,
and Rb+2 ions. In these cases we observed an efficiency
of almost 100% for removing the ion by resonant modu-
lation. We therefore also expect a similar efficiency for a
BaRb+ ion. A modulation with the resonance frequency
for a particular ion species does not affect the trapping
of an ion of a different species relevant for the present
work.
XII. DETECTION OF THE ION
In order to detect a single, trapped ion in the Paul trap
we have two methods which we describe in the following.
A. Fluorescence detection of a single Ba+ ion
In order to detect a Ba+ ion we first separate the ion
trap center from the atom trap center by a distance of
100 µm which is much larger than the size of the atomic
cloud in order to suppress unwanted collisions. This is
done by applying appropriate dc voltages on the Paul
trap endcap electrodes. Afterwards, the atoms are re-
leased from the ODT by switching it off. After 20 ms,
when all atoms have left, we move the ion back to its for-
mer position, since this position corresponds to the cen-
ters of the cooling laser beams for the Ba+ ion. Here, the
lasers have beam waists (1/e2 radii) of about 20µm. The
cooling laser beams consist of one beam at a wavelength
of 493 nm for driving the 6S1/2 to 6P1/2 Doppler cooling
transition, and one beam at a wavelength of 650 nm for
repumping the Ba+ ion from the metastable 5D3/2 state
towards 6P1/2. During a laser-cooling time of 100 ms
an electron multiplying CCD camera takes a first flu-
orescence image of the Ba+ ion. This method allows
for detection of a cold Ba+ ion with a temperature of
T ≈ 100 mK or below, due to the short duration of the
8laser cooling. A hotter Ba+ ion, e.g. resulting from pho-
todissociation with a kinetic energy on the order of 0.2eV,
can be detected by taking a second image after long laser
cooling. For this, the 493 nm laser beam frequency is
red-detuned by 1GHz and swept back towards resonance
within three seconds. Afterwards, we take another flu-
orescence image, again for a duration of 100 ms. From
the two images we can discriminate a hot ion from a cold
one. For example, if a fluorescing Ba+ ion is found in the
second image but not in the first one, then this Ba+ ion
was hot at the time of the first image. Furthermore, we
can detect whether a Ba+ ion is in the metastable state
5D5/2. Such an ion will only appear in the fluorescence
image, if we previously pump it out of the 5D5/2 state,
e.g. with a 614 nm laser via the 6P3/2 level. Therefore,
in order to probe for a 5D5/2 ion, we take two sets of
fluorescence images. The first set is without the 614 nm
repump laser and the second set is with the 614 nm re-
pump laser. If we only obtain a fluorescence signal in the
second set of the images, then the Ba+ ion was in the
metastable state 5D5/2.
B. Detection of the ion via atom loss and
discrimination of ion species
In our setup only the Ba+ ion can be detected directly
via fluorescence imaging. In order to detect a different
ion species such as BaRb+, Rb+, Rb+2 we use a scheme
where the ion inflicts atom loss in a cold atom cloud
[43, 57]. For this, the ion is kept in the ion trap while a
new cloud of neutral atoms is prepared. Then, the ion is
immersed into this new atom cloud. Elastic collisions of
the ion with the ultracold atoms lead to loss of atoms as
they are kicked out of the ODT, which is much shallower
than the ion trap. After a given interaction time the
remaining number of atoms is measured via absorption
imaging. If this number is significantly lower than for a
reference measurement using a pure atom cloud an ion is
present. Typically we already know from the preparation
procedure (and, because all relevant ion species cannot
escape from the deep Paul trap potential), that a single
ion must be trapped in the Paul trap, but we would like to
discriminate between the ion species BaRb+, Rb+, and
Rb+2 . For this, we carry out mass-filtering in the Paul
trap (see Appendix XI), where we remove selectively the
ion from the trap if it has a specific, pre-chosen mass.
Subsequently, we test whether the ion has been removed
from the Paul trap with the ion detection scheme based
on inflicted atom loss.
XIII. CALCULATION OF CROSS SECTIONS
A. Cross sections from QCT calculations
Model
We use QCT calculations [58] to determine cross sec-
tions for elastic collisions, vibrational relaxation, colli-
sional dissociation and substitution reactions in collisions
of a BaRb+ ion with an ultracold Rb atom.
Since the three-body process occurs at large internu-
clear distances we assume that the three-body potential
energy surface can be described by pair-wise additive
ground-state potentials according to V (~R1, ~R2, ~R3) =
V (~R12) +V (~R13) +V (~R23). Here, the Rb-Rb interaction
is taken from [49], while the Ba+-Rb and Ba-Rb+ interac-
tions are modeled by means of the generalized Lennard-
Jones potential V (R) = −C4[1− (Rm/R)4/2]/R4, where
C4 = 160 a.u., R is the internuclear distance, Rm =
9.27 a0, and a0 is the Bohr radius. We note in passing
that C4 = αRbe
2/[2(4piε0)
2] is proportional to the static
dipolar polarizability αRb = 4piε0 × 4.739(8) × 10−29m3
of the Rb atom [59]. e is the elementary charge and ε0
is the vacuum permittivity. The Lennard-Jones type po-
tential describes the long-range interaction correctly and
leads to a manageable computational time. We note that
the C4 coefficient for a Ba atom is 134 ± 10.8 a.u. [60].
Nevertheless, for saving computational time we simply
use the same coefficient for the Ba atom as for the Rb
atom in our model. This introduces small quantitative
errors of about 5% but does not change the qualitative
interpretation.
Using the QCT approach, we study the collisional be-
havior of BaRb+ molecules in the states (2)1Σ+, (1)3Σ+
as well as (X)1Σ+. We ignore any spin degrees of free-
dom, which means that the results are the same for both
(2)1Σ+ and (1)3Σ+ BaRb+ molecules. Furthermore, we
only consider collisions where BaRb+ molecules are ini-
tially nonrotating, i.e. j = 0. We have numerically
checked that for other low j-states the results will not
be significantly different at the level of our approxima-
tions. In order to determine cross sections and rates for
a given electronic and vibrational state we sum over the
corresponding rotational distribution of the final prod-
ucts.
In Fig.5, the energetically uppermost vibrational levels
as derived from the Lennard-Jones potential are shown
down to binding energies of about 1 K×kB. For com-
parison, we also present the results from the PEC calcu-
lations for the (2)1Σ+ and (1)3Σ+ electronic states (see
Appendix XIII C).
We have carried out QCT calculations for the vibra-
tional levels v = (−1,−2, ...,−16) and for a collisional
energy range of Ec = 1− 100 mK×kB. This range for Ec
corresponds to a range of the kinetic energy of the BaRb+
ion of Ec(1− µ/mRb)−1 = 3.6− 360 mK× kB, when as-
suming zero kinetic energy for the atoms. Here, µ is the
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reduced mass of the Rb-BaRb+ system. For a given set
of v and Ec, we determine a suitable maximum impact
parameter bmax beyond which no reactions/inelastic pro-
cesses occur anymore. bmax is typically on the order of
the Langevin radius bL = (4C4/Ec)
1/4. We run batches
of 104 trajectories, effectively sampling the configuration
space including different impact parameters b < bmax and
molecular orientations. As a result we obtain a proba-
bility distribution for the different collisional processes.
The cross section for a specific collision process κ can be
calculated as σκ = pi b
2
max Pκ, where Pκ is the probability
for a trajectory undergoing this process.
Results
• Vibrational relaxation: Figure 6 shows the cross
sections for vibrational relaxation for the states
(2)1Σ+ and (1)3Σ+ for different collision energies.
The calculations clearly reveal that in general the
vibrational relaxation cross section is well approx-
imated by the Langevin cross section σL(Ec) =
pi
√
4C4/Ec. The corresponding Langevin rate
ΓL(t) = σLvionn(t) = KLn(t) is independent of the
collision energy. Here, vion =
√
2Ec/µ is the ve-
locity of the BaRb+ ion and KL = 2pi
√
2C4/µ =
2.03 × 10−9 cm3s−1 is the Langevin rate constant.
We note that in our calculations vibrational re-
laxation typically leads to a change in the vibra-
tional quantum number v by one or two units, i.e.
v′ = v−1, v−2. The average change is 1.4 units, as
discussed later in Appendix XIV A. Since these re-
sults are quite independent of the initial vibrational
quantum number (see Fig.6), we adopt them for
levels which are more deeply-bound than v = −16.
Furthermore, we use them also for vibrational re-
laxation in the ground state (X)1Σ+. If the colli-
sion energy is large enough, in principle, also vibra-
tional excitation could occur, but for our settings
the calculations show that this is quite negligible.
• Substitution reaction BaRb+ + Rb → Rb2 + Ba+:
For the weakly-bound levels of the (2)1Σ+ and
(1)3Σ+ electronic states this reaction is in general
so rare that it can be neglected. This can be ex-
plained as follows in a simple classical picture. The
Ba+ ion and the Rb atom of the weakly-bound
BaRb+ molecule are generally well separated. The
colliding free Rb atom mainly interacts with the
Ba+ ion via the long-range polarization potential
while the interaction between the two Rb atoms is
essentially negligible. Hence, the formation of the
neutral Rb2 molecule is unlikely. For the ground
state (X)1Σ+ the reaction is energetically closed.
• Substitution reaction BaRb+ + Rb → BaRb +
Rb+: For the weakly-bound levels of the (2)1Σ+,
(1)3Σ+ and (X)1Σ+ electronic states this reaction
is rare because it entails the formation of a neu-
tral molecule, following similar arguments as for the
previously discussed reaction BaRb+ + Rb → Rb2
+ Ba+. In addition, for the weakly-bound levels
of (2)1Σ+ and (1)3Σ+ the reaction would require
a charge transfer between the Rb atom and the
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Ba+ ion, since for these electronic states and long
binding lengths the positive charge is almost com-
pletely located on the Ba atom within the BaRb+
molecule. For deeply-bound levels in the ground
state (X)1Σ+ with v . 90 the reaction is energeti-
cally closed. This covers about 70% of the produced
ground state molecules, as discussed in Appendix
XIII C. For these reasons we ignore this substitu-
tion reaction in our model.
• Substitution reaction BaRb++Rb→ Rb+2 +Ba: For
the weakly-bound levels of the states (2)1Σ+ and
(1)3Σ+ this reaction involves a charge exchange and
is therefore negligible. For the weakly-bound lev-
els of the ground state (X)1Σ+, where the positive
charge of the BaRb+ molecule is located on the Rb
atom, the substitution reaction can have a sizable
probability. From numerical QCT calculations for
the most weakly-bound levels we can extrapolate
roughly the scaling law σ ≈ a20Eb/(mK × kB) for
the cross section. Thus, the cross section increases
linearly with the binding energy. We expect this
to be approximately valid up to a binding energy
of about 1000 K× kB, where the expression should
smoothly go over to the Langevin cross section.
• Elastic collisions: Due to the restriction b < bmax
we do in general not take into account all elastic col-
lisions. In particular those with very little energy
transfer are omitted since they are irrelevant for
sympathetic cooling. To a first approximation, the
elastic cross section for which sizable amounts of
kinetic energy are transferred between the collision
partners is the Langevin cross section. This is valid
for all states, i.e. (2)1Σ+, (1)3Σ+, and (X)1Σ+.
• Collisional dissociation: A BaRb+ molecule can
dissociate in a collision with a Rb atom, if the colli-
sion energy Ec is large enough. For a weakly-bound
BaRb+ molecule in the state (1)3Σ+ or (2)1Σ+ this
would lead to a release of a Ba+ ion and a Rb
atom. In our experiments, however, the typical col-
lision energy is too small. Therefore, this process
is relevant only for the most weakly-bound BaRb+
molecules. In our simulation this only concerns the
vibrational level v = −5 in the states (2)1Σ+ and
(1)3Σ+. It has a binding energy of≈ 2mK×kB. For
a collision energy of Ec = 2 mK× kB, which is typ-
ical in the beginning of our experiments, the calcu-
lated dissociation cross section is then 4×10−12 cm2
[58]. This is about a factor of seven smaller than
the Langevin cross section.
B. Spin-flip cross section
If the BaRb+ ion is in the triplet (1)3Σ+ (singlet
(2)1Σ+) state it may undergo an electronic spin-flip to-
wards the singlet (2)1Σ+ (triplet (1)3Σ+) state in a close-
range collision with a Rb atom. Discussions of spin-flip
processes for molecules can be found in the literature,
see, e.g., [61–63].
We estimate the spin-flip cross section in the following
way. In the collision between a Rb atom and a BaRb+
molecular ion we only consider the interaction between
the free Rb atom and the Ba+ ion which is loosely bound
in the BaRb+ molecule. Spin-flips can occur when the
two electron spins of the Ba+ ion and the free Rb atom
are opposite to each other, e.g. ms(Ba
+) = 1/2 and
ms(Rb) = −1/2, such that after the collision the spins
are ms(Ba
+) = −1/2 and ms(Rb) = 1/2. Here, ms is the
magnetic quantum number of the electron spin. Taken
by itself, the state ms(Ba
+) = 1/2, ms(Rb) = −1/2 is a
50% / 50% superposition state of spin singlet and spin
triplet. In the following we estimate the spin-flip cross
section for such a superposition state. The actual spin-
flip cross section for our experiment should be a fraction
of this, because the statistical factors of the total spin-
decomposition need to be taken into account. This re-
quires an analysis, in how far a spin-flip of the bound
Ba+ ion leads to a flip of the total electron spin in the
BaRb+ molecule. Such an analysis is, however, beyond
the scope of the present work.
The spin-exchange cross section for the 50% / 50%
superposition state can be estimated using a partial-wave
approach [64, 65] as
σsf(Ec) =
pi
k2
∑
l
(2l + 1) sin2
(
δSl (Ec)− δTl (Ec)
)
, (2)
where δSl (Ec) and δ
T
l (Ec) are the energy dependent
phase-shifts of the partial wave l for the singlet and triplet
atom-ion potential energy curves, respectively. Here, k
is the wave number of the relative momentum in the
center-of-mass frame. Next, we determine an angular
momentum lmax such that for l > lmax the phase-shift
δSl (Ec) ≈ δTl (Ec). This is possible, because for large
enough l the particles only probe the long-range tail of
the ion-atom potential and this tail is essentially the same
for singlet and triplet states. Therefore, only trajectories
with l ≤ lmax contribute to the cross section. For l ≤ lmax
we estimate the contribution of each partial wave term
in Eq. (2) by using the random phase approximation for
the phase-shifts, sin2
(
δSl (Ec)− δTl (Ec)
)
= 1/2 [65]. The
partial wave lmax can be estimated [66] using the critical
impact parameter (Langevin radius) via lmax = bLk =
(2C4/Ec)
1/4k, as for impact parameters b > bL the in-
elastic cross section vanishes in the classical regime. Car-
rying out the sum in Eq. (2) up to lmax we obtain
σsf(Ec) =
pil2max
2k2
=
pi
2
(
2C4
Ec
)1/2
=
σL(Ec)
2
. (3)
The spin-flip rate is then simply proportional to the
Langevin rate ΓL. We stress again, that Eq. (3) is only
an estimate. Therefore, for our simulations we allow for
another constant fit parameter γ such that the spin-flip
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rate for a transition from the singlet state to the triplet
state is given by
Γsf = γ ΓL . (4)
For determining γ we use experimental data for which
the ODT is off. When setting γ = 1/14 we obtain good
agreement with our measurements.
Finally, we note that the spin-flip rate for a transition
from a triplet state to a singlet state is not Γsf but Γsf/3.
This is because a spin-flip process between the bound
Ba+ ion and the free Rb atom does not necessarily change
a triplet BaRb+ molecule into a singlet one. Collisions
with an unpolarized sample of Rb will in general shuffle
around the total spin S of the molecule equally between
the four levels S = 0,mS = 0 and S = 1,mS = −1, 0, 1.
Thus, on average only 1 in 3 spin-exchange collisions of
a triplet BaRb+ molecule will produce a singlet BaRb+
molecule.
C. Radiative relaxation and photodissociation
cross sections
In the following we calculate cross sections for radia-
tive relaxation and photodissociation. For this, we first
calculate PECs, wave functions and transition dipole mo-
ments. Table I shows electronic states for relevant tran-
sitions. In the following discussion, the spin-orbit inter-
action will be neglected.
Potential energy curves
The PECs displayed in Fig. 1(b), the permanent elec-
tric dipole moments (PEDMs), and the transition electric
dipole moments (TEDMs) for the BaRb+ molecule are
obtained by the methodology described, e.g., in [67–69].
Briefly, the calculations are carried out using the Config-
uration Interaction by Perturbation of a Multiconfigura-
tion Wave Function Selected Iteratively (CIPSI) package
[70]. The electronic structure is modeled as an effec-
tive system with two valence electrons moving in the
field of the Rb+ and Ba2+ ions represented by effec-
tive core potentials (ECP), including relativistic scalar
effects, taken from Refs.[71, 72] for Rb+ and Refs.[73, 74]
for Ba2+. The ECPs are complemented with core polar-
ization potentials (CPP) depending on the orbital an-
gular momentum of the valence electron [75, 76], and
parametrized with the Rb+ and Ba2+ static dipole po-
larizabilities and two sets of three cut-off radii [77, 78].
Only the remaining two valence electrons are used to cal-
culate the Hartree-Fock and the excitation determinants,
in atom-centered Gaussian basis sets, through the usual
self-consistent field (SCF) methodology. The basis set
used for the Rb atoms is from Refs. [67, 68], and the one
for Ba is from Refs. [78, 79]. A full configuration interac-
tion (FCI) is finally achieved to obtain all relevant PECs,
PEDMs, and TEDMs. In Ref. [7] a comparison between
TABLE I. List of the relevant electronic states, Λ, for the
BaRb+ molecule that can be reached from the entrance chan-
nel upon absorption of a photon of 1064 nm wavelength.
The entrance channel is spanned by the electronic states
(2)1Σ+ and (1)3Σ+ which correlate in the asymptotic limit
to Rb
(
5s 2S
)
+ Ba+
(
6s 2S
)
. Ek,max is the atom-ion relative
kinetic energy released after photodissociation when the ini-
tial molecule is weakly bound. σmax is the largest estimate
for the state-to-state absorption cross section for a BaRb+
molecule with binding energy Eb = 1 K × kB (see also Ap-
pendix XIII C).
Λ Asymptotic limit Ek,max σmax
(cm−1) (cm2)
(2)3 Σ+ Rb+ + Ba
(
6s5d 3D
) ≈ 8200 negligible
(1)3 Π negligible
(3)1 Σ+ Rb+ + Ba
(
6s5d 1D
) ≈ 5900 ≈ 10−25
(1)1 Π ≈ 10−27
(3)3 Σ+ Rb+ + Ba
(
6s6p 3P
) ≈ 4800 ≈ 9× 10−20
(2)3 Π ≈ 4× 10−20
(4)1 Σ+ Rb
(
5s 2S
)
+ Ba+
(
5d 2D
) ≈ 4000 ≈ 4× 10−19
(2)1 Π ≈ 2× 10−27
(4)3 Σ+ ≈ 4× 10−21
(3)3 Π ≈ 2× 10−21
these calculations for several systems, including BaRb+,
and the ones available in the literature is given for the
(X)1Σ+ and (2)1Σ+ electronic states.
Since for the states (1)3Σ+ and (2)1Σ+ we need to con-
sider extremely weakly-bound vibrational levels, PECs
have to be calculated up to large inter-particle distances.
For this, we analytically extend the existing short-range
PECs by matching them to the atom-ion long-range in-
teraction behavior
lim
R→∞
V (Λ; R) = De − C4
R4
, (5)
where De is the dissociation energy of the electronic state
Λ. From fits of Eq. (5) to our ab initio PECs at around
25a0, we obtain a C4 value of about C4 = 171a.u., which
is close to the known value C4 = 160 a.u. for Rb atoms.
We note that the asymptotic energies (R → ∞) for
our PECs are in reasonable agreement with experimen-
tal values. There is virtually no error regarding those
asymptotes for which each valence electron is localized
on one atomic core [e.g., for the asymptotes Rb
(
5s 2S
)
+
Ba+
(
6s 2S
)
and Rb
(
5s 2S
)
+ Ba+
(
5d 2D
)
]. However, if
both valence electrons are localized on the Ba atom we
obtain deviations from experimental values of −180cm−1
for the Rb+ + Ba
(
6s2 1S
)
asymptote, −120 cm−1 for the
Rb+ + Ba
(
6s6p 3P
)
asymptote, and 420 cm−1 for the
Rb+ + Ba
(
6s5d 1D
)
asymptote, respectively [78].
12
Calculation of wave functions
The diatomic eigenvalue problem is solved for each
PEC V (Λ; R) by means of the mapped Fourier grid
Hamiltonian (MFGH) method [80], which diagonalizes
a discrete variable representation (DVR) matrix of the
Hamiltonian. We use a fairly large internuclear dis-
tance range, Rmax ≈ 5000 a0, in order to even ac-
commodate small binding energies Eb on the order of
Eb ≈ 10µK× kB.
The energy-normalized continuum wave functions
|Λ′j′; k〉 are computed using a standard Numerov
method [81]. Here, j′ is the rotational quantum num-
ber. Since the kinetic energies at long range for the exit
channels correspond to several thousands of wave num-
bers the calculations are performed on a fairly dense and
large grid (between 90,000 and 150,000 grid points) so
that there are at least 20 points per wave function oscil-
lation.
Transition electric dipole moments
The TEDMs DΛ′,Λ (R) between relevant electronic
states Λ and Λ′ are shown in Fig. 7 as functions of the
internuclear distance R. The plots show that Σ–Σ tran-
sitions are generally stronger than Σ–Π transitions. Fur-
thermore, the TEDMs vanish at large distances. Such a
behavior is expected, since the Ba+ +Rb asymptote can-
not be addressed from the Rb+ + Ba asymptote by opti-
cally exciting one of the atoms [see Fig. 1(b)]. Therefore,
for weakly-bound rovibrational states all outer turning
points can be disregarded, i.e. radiative processes are
driven at short range.
Photodissociation
In order to determine the photodissociation cross
sections, we calculate the absorption cross sections
σΛ′j′k,Λυj (E
′) for the transitions between rovibrational
levels (v, j) in the electronic state Λ towards the contin-
uum of an electronic state Λ′ [82, 83]
σΛ′j′k,Λυj (E
′) =
4pi2
3c
E′
2j + 1
S (j′, j) |〈Λ′; k|DΛ′,Λ (R) |Λυ〉|2 .
(6)
Here, E′ = hν − Eb is the final energy obtained for a
given optical frequency ν and binding energy Eb. Fur-
thermore, c is the speed of light, and j′ represents the
rotational quantum number of the final level. We note
that the transition moment 〈Λ′; k|DΛ′,Λ (R) |Λυ〉 is es-
sentially independent of j and j′ for the low values of j
relevant here. From QCT calculations we estimate a typ-
ical range of rotational quantum numbers of j < 20 for
the BaRb+ ion in our experiments. S (j′, j) denotes the
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FIG. 7. PEDMs (circles) and TEDMs (solid lines) as func-
tions of the internuclear distance of the BaRb+ molecule. Ini-
tial and final states are given in the plot. For Σ–Σ transi-
tions the dipole moment along the internuclear axis is shown,
whereas for Σ–Π transitions the dipole moment in transverse
direction is shown.
Ho¨nl-London factor [84]. In principle, transitions can be
grouped into the three branches Q (j′ = j, Σ–Π transi-
tions only), R (j′ = j+ 1), and P (j′ = j− 1). In our ex-
periments we drive each of these transitions, if allowed by
selection rules. Summing over the P, Q, R contributions
one obtains a total cross section which is independent of
j. Therefore it is sufficient to present in the following
only total cross sections obtained for j = 0.
Figure 8 shows the predictions for photodissociation
cross sections for 1064 nm light as functions of the bind-
ing energy Eb of the initial rovibrational state. Here, the
three dominant transitions are presented. We checked
numerically that the cross sections follow a E0.75b scaling
law within the shown range of Eb [85]. This can be ex-
plained by the increasing localization of the vibrational
wave function with increasing binding energy Eb. Our
calculations reveal that the transitions are mostly deter-
mined by the wave functions at the inner turning points
of the PECs.
We note that because of an uncertainty in the calcula-
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FIG. 8. Photodissociation cross sections as functions of the
binding energy for an excited state BaRb+ ion exposed to
1064 nm light. Shown are the results for the most relevant
transitions in our experiments. Data points are calculations.
Solid lines represent fits ∝ E0.75b to the data points (see leg-
end).
tion of the absolute energy position of the PECs of up to
a few hundred cm−1 × (hc) there are corresponding un-
certainties in the photodissociation cross sections. The
possible range of cross sections is investigated in Fig. 9.
Here, E′/(hc) is varied between 8800 and 9800 cm−1,
i.e. around typical values corresponding to final states
addressed via light at 1064 nm and starting from initial
states with rather small binding energies (see dashed ver-
tical lines). These calculations are carried out for several
binding energies.
The cross sections in Fig. 9 exhibit oscillations. For
a fixed binding energy, the energy interval ∆E′ for a
full oscillation between a minimum and a maximum is
smaller than about 500cm−1×(hc) for all three presented
transitions. This is about the uncertainty of the absolute
energy positions of the PECs and therefore the true cross
section can actually lie in the range between calculated
minimum and maximum values.
The oscillations of the cross sections in Fig. 9 are as-
sociated with the spatial oscillations of the initial rovi-
brational wave functions. For the sake of clarity, this is
illustrated in detail in Fig. 10. Wherever an anti-node of
the initial wave function coincides with the anti-node of
the scattering wave function at the inner turning point
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FIG. 9. Photodissociation cross sections as functions of the
final energy E′ = hν − Eb. Upper panel: (2)1 Σ+ → (4)1Σ+.
Middle panel: (1)3 Σ+ → (3)3Π. Lower panel: (1)3 Σ+ →
(3)3Σ+. The color coding of the lines corresponds to the
binding energy of the initial state as indicated on the right.
The right (left) vertical dashed line marks the energy E′ when
a 1064 nm photon excites a molecule with Eb = 0.1 K × kB
(Eb = 31.5 K× kB).
of the excited PEC, the cross section has a local maxi-
mum. This is known as the reflection principle (see, e.g.,
[86]). The frequency separation of the local cross section
maxima clearly depends on the slope of the PEC and the
wavelength of the initial wave function.
In order to describe the experimentally measured data
(see Appendix XIV B), we use photodissociation cross
sections in our MC simulations of the form σe×(Eb/(K×
kB))
0.75. Thus, they exhibit the E0.75b scaling, which our
calculations predict. The pre-factor σe, however, is used
as free parameter which is determined via fits to the data.
In Table II we compare the obtained values for σe to the
theoretically predicted maximal values. We find that the
experimental cross section for the transition (2→ 4)1Σ+
(for the transition (1)3Σ+ → (3)3Π) is by a factor of
13.5 (by a factor of 7) larger than the predicted maximal
value. At this point it is not clear how to explain these
discrepancies. In contrast, for the transition (1→ 3)3Σ+
we find consistency between theory and experiment.
Having discussed in detail the photodissociation by
1064 nm light, we now briefly comment on the pho-
todissociation by 493 nm and 650 nm light. Calculated
PECs for highly excited electronic states (not shown
here) indicate that the photodissociation of weakly-
bound molecules in the (2)1Σ+ and (1)3Σ+ states might
be quite strongly suppressed because Condon points
might not exist for the relevant transition. This agrees
with the experiment, from which we do not have any evi-
dence for this photodissociation process either. Concern-
ing photodissociation of ground state (X)1Σ+ molecules
via the laser cooling light, for which we do have exper-
imental evidence (see Sec. VIII), a theoretical analysis
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FIG. 10. (a) Photodissociation cross section as a function
of final energy E′ = hν − Eb for the transition (2) 1Σ+ →
(4) 1Σ+. (b) The (4) 1Σ+ PEC (red curve) and two energy-
normalized continuum wave functions (black curves). (c) The
(2) 1Σ+ PEC (red curve) and the rovibrational wave function
(black curve) for the binding energy of Eb = 10.5 cm
−1. Blue
and orange dashed lines help to illustrate that a good wave
function overlap at the inner turning point of the excited PEC
leads to a large cross section. (d) The respective TEDM as a
function of the internuclear distance R.
TABLE II. Cross sections σe for the three transitions that
are taken into account in our MC simulation. The predicted
maximal values are given beside the values resulting from fits
to the experimental data in our MC simulation. In the last
column the released ion for each transition is given.
Transition max. σe (theor.) σe (exp.) rel. ion
(10−20 cm2) (10−20 cm2)
(2→ 4)1Σ+ 40 540 Ba+
(1→ 3)3Σ+ 9 7 Rb+
(1)3Σ+ → (3)3Π 0.23 1.61 Ba+
has not been carried out yet.
Radiative relaxation to the electronic ground state
The excited state (2)1Σ+ can decay radiatively to
the ground state (X)1Σ+ by spontaneous emission of
a photon. The corresponding radiative lifetime of the
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FIG. 11. Radiative lifetime (blue dots) for the highest rovi-
brational levels (v, j = 0) of the (2)1 Σ+ electronic state, as a
function of the binding energy Eb. The red dashed line is a
fit ∝ E−0.75b to the data.
(2)1Σ+ molecule is shown in Fig. 11 as a function of
the binding energy Eb, as previously discussed in [7].
The relaxation can in principle lead to dissociation of
the BaRb+ molecule into a Rb+ ion and a Ba atom.
However, our calculations of the Franck-Condon fac-
tors show that it will dominantly produce a BaRb+
molecule in the (X)1Σ+ state. Figure 12 shows the
predicted broad distribution of vibrational levels which
are populated. During such a relaxation the kinetic en-
ergy of the BaRb+ molecule essentially does not change,
because the photon recoil is very small. The radia-
tive relaxation rate is the inverse of the lifetime, i.e.
0.34×(Eb/(mK×kB))0.75 ms−1 (see Fig.11). We use this
relaxation rate in our MC simulations. The physics be-
hind the scaling ∝ E0.75b is that for an increasing binding
energy the wave function becomes more localized at short
range where radiative relaxation dominantly occurs.
For the sake of completeness, we note that radiative re-
laxation within a given PEC (such as (2)1Σ+ or (1)3Σ+)
is negligible in our experiments. As already discussed in
[7] these relaxation rates are on the order of seconds.
XIV. MONTE CARLO SIMULATIONS
In this section we describe how we simulate the evolu-
tion of a BaRb+ molecule in a Rb atom cloud by means
of MC trajectory calculations. For this, we make use
of the cross sections we have determined in Appendix
XIII. In order to reduce the complexity we carry out the
calculations in two steps. In a first step we only con-
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FIG. 12. Calculated population distribution for vibrational
levels v of the electronic ground state (X)1Σ+ of the BaRb+
molecule after radiative relaxation from a weakly-bound level
in the (2)1Σ+ state with j = 1. Here, the same approach is
used as described in [7].
sider a subset of collision processes. A main finding of
these calculations is that the average kinetic energy of the
BaRb+ ion only slightly increases as it relaxes down to
more deeply-bound vibrational states. We use this infor-
mation in the second step of the MC calculations, where
we now include all inelastic and reactive processes but
for which we ignore elastic collisions and simply assume
that the molecular ion has a constant kinetic energy.
A. Restricted model
Here, we simulate trajectories of a spinless BaRb+
molecule. During each trajectory the molecule can un-
dergo multiple collisions within the gas of Rb atoms.
We consider elastic collisions, vibrational relaxation col-
lisions, and collisional dissociation.
The simulation starts with the molecular ion in the vi-
brational state v = −5 below the Ba+ + Rb asymptote.
An example of the evolution of the vibrational state as
a function of the collision number for a single trajectory
is shown in Fig. 13. The calculations reveal that vibra-
tional relaxation typically takes place in steps of one or
two vibrational quanta. The molecular kinetic energy
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FIG. 13. Evolution of the vibrational quantum number of a
BaRb+ molecule in collisions with Rb atoms. We only con-
sider the ”relevant” collisions which have impact parameters
b < bmax, as discussed in Appendix XIII A. The y-axis on
the left shows the vibrational quantum number v and the y-
axis on the right shows the collision energy Ec. The data
correspond to a single MC trajectory.
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FIG. 14. Average number of elastic collisions of Rb atoms
with a BaRb+ ion in the vibrational state v before a relax-
ation (excitation) to another vibrational state occurs. Data
points are from MC simulations. The error bars represent 1σ
standard deviations.
increases after each vibrational relaxation step and de-
creases due to sympathetic cooling in elastic collisions.
Precisely, how much energy is released in a vibrational
relaxation step or carried away in an elastic collision de-
pends on the scattering angle of the atom-molecule colli-
sion [87]. In the simulations we choose random values for
the scattering angle in the center-of-mass frame, which
are uniformly distributed.
After analyzing 104 calculated trajectories we obtain
the following results. Between two vibrational relax-
ation processes there is on average approximately one
elastic collision (see Fig. 14). Although, overall, the ki-
netic energy of the molecule increases as it relaxes to
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FIG. 15. Average collision energy of the BaRb+ ion right af-
ter (blue filled squares) and directly before (red open squares)
vibrational relaxation as a function of the vibrational quan-
tum number. Data points are results from the MC simulation.
The error bars represent 1σ standard deviations. Here, the
difference between the curves describes the effect of cooling
due to elastic collisions.
more deeply-bound states, within the range of interest
the molecular collision energies are typically only a few
mK× kB (see Fig. 15). On average, the molecular ion re-
quires 17.5± 4.2 collisions to relax from v = −5 down to
v = −17 of which 9.0 ± 3.8 collisions are elastic. Figure
16 shows the average vibrational quantum number v as
a function of the number of vibrational relaxation colli-
sions. We find that v decreases nearly linearly. On aver-
age about 1.4 vibrational quanta are lost per relaxation
collision, independent of the initial vibrational quantum
number. Since the vibrational relaxation cross section
is well approximated by the Langevin cross section (see
Fig. 6) the vibrational quantum number will on average
be lowered by one unit at a rate of 1.4 × ΓL. We note
that also in a recent theoretical investigation of vibra-
tional quenching collisions of weakly-bound Rb+2 molec-
ular ions with Rb atoms the changes in the vibrational
quantum number are predicted to be small [20].
B. Full model
In the second set of MC trajectory calculations we
take into account all the processes discussed in Appendix
XIII. Furthermore, we also include the formation of the
weakly-bound BaRb+ molecule with vibrational quan-
tum number v = −5 via three-body recombination.
Adopting simple statistical arguments and considering
that the Ba+ ion is initially unpolarized, the probabil-
ity for the freshly formed molecule to be in state (2)1Σ+
((1)3Σ+) is 1/4 (3/4), respectively.
Motivated by the results in Appendix XIV A we gener-
ally assume a collision energy Ec for the BaRb
+ molecule
of a few mK×kB. For the collisional dissociation regard-
ing the v = −5 level we assume Ec = 2mK×kB. Actually,
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FIG. 16. Average vibrational quantum number for a BaRb+
ion as a function of the number of vibrational relaxation col-
lisions with Rb atoms. The data points represent the results
of MC calculations.
for all other collisional processes the precise value for the
collision energy is not relevant since their rates are pro-
portional to the Langevin rate, which is independent of
Ec. For the ground state (X)
1Σ+, however, the assump-
tion of low collision energy is in general not justified. This
is because a vibrational relaxation from a deeply-bound
vibrational level to the next one releases a large amount
of energy. This puts the ion on an orbit through the Paul
trap which is much larger than the size of the atom cloud.
As a consequence the rate for further elastic, inelastic, or
reactive collisions is significantly reduced. For example,
when the BaRb+ molecule in state (X)1Σ+ relaxes from
v = 55 to v = 54 the motional energy of the BaRb+
molecule increases by about 16 K × kB. In order to get
cooled back into the atom cloud, the energy has to be
lowered to about 1 K × kB. On average, 44% of the en-
ergy is cooled away in a single elastic Langevin collision.
Therefore, five elastic Langevin collisions are needed on
average, to cool the BaRb+ ion back down into the Rb
gas. When we take this cooling time to be 130 µs long
we find good agreement with the data.
Once a highly energetic Ba+, or a Rb+, or a Rb+2 ion
is produced after photodissociation or a substitution re-
action, no further reaction takes place in our simulation.
However, if a cold Ba+ ion is created it can again un-
dergo a three-body recombination event with the respec-
tive rate and a new evolution starts. Time is typically
incremented in steps of ∆t = 1 µs. We typically carry
out 2000 trajectories in a MC simulation for a given ex-
perimental procedure.
The results of the MC simulations are presented as
lines in Figs. 2(a), 3, and 17. In fact, Fig. 17 is an exten-
sion of Fig. 2(a), showing additional evolution traces for
various ion states. The measurements and predictions are
shown separately for the case with dipole trap (wODT)
and the case without dipole trap (woODT) in Fig. 17(a)
and (b), respectively. The data points are the same as in
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FIG. 17. Calculations (lines) for ion signals together with
measured data (filled and open circles) of Fig. 2(a). Shown
are the probabilities for finding different ion states or species
as given in the legend. In (a) the case with ODT is consid-
ered while in (b) the case without ODT is considered. ”hot
Ba+(PD)” and ”Rb+(PD)” are populations due to photodis-
sociation with 1064nm light. The population ”Rb+2 / Rb
+”
is due to secondary collisional reactions of BaRb+ (X)1Σ+
molecules with Rb atoms.
Fig. 2(a). The plots clearly show how initially the pop-
ulations of the (2)1Σ+ and (1)3Σ+ states increase due
to formation of the BaRb+ ion via three-body recombi-
nation. At some point later these populations peak and
decrease due to radiative relaxation to the ground state
(X)1Σ+ and, in the presence of 1064 nm light, due to
photodissociation. The calculations for the creation of
either a hot Ba+ or a Rb+ ion via this photodissocia-
tion are given by the curves denoted by hot Ba+ (1064)
and Rb+ (1064), respectively. Radiative relaxation leads
at first to a growing population of the (X)1Σ+ ground
state BaRb+ molecule which, in secondary reactions, is
converted into a Rb+2 or a Rb
+ ion. Here, we only con-
sider the sum of the Rb+2 and Rb
+ populations, denoted
Rb+2 / Rb
+. When the 1064 nm ODT is on, photodis-
sociation is a dominant process for (2)1Σ+ and (1)3Σ+
molecules. Furthermore, the small fraction of molecules
that relax to the ground state (X)1Σ+ are quickly re-
moved in the trapped, dense atom cloud due to secondary
reactions with Rb atoms. In contrast, when the ODT is
off, almost the whole ion population is first converted
into ground state BaRb+ molecules, apart from a small
fraction remaining in the state (1)3Σ+. A sizable frac-
tion of the ground state molecules do not undergo sec-
ondary reactions and therefore persist, as the released Rb
atom cloud quickly falls away. In order to describe the
experimental signal for ”cold+hot Ba+” we add the pop-
ulations for ”cold Ba+” and ”hot Ba+(1064)” as well as
70% of the population of BaRb+ molecules in the states
(X)1Σ+ and (2)1Σ+. This last contribution is due to
photodissociation of ground state molecules. The sce-
nario is the following. During the imaging all (2)1Σ+
singlet molecules will relax to the ground state (X)1Σ+.
The cooling lasers will then dissociate these and the pre-
viously produced (X)1Σ+ ground state molecules. This
photodissociation generates in 70% (30%) of the cases a
hot Ba+ (Rb+) ion, as discussed in Sec. VIII.
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